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INTRODUCTION
The top fuel dragster is designed solely for the purpose of covering a standing quarter mile as quickly as possible. Within the top fuel racing class, dragsters are required to run on a mixture of nitro methane and methanol. The dragsters have V8 engines of around 500 cubic inches and can produce in excess of 8000 HP. The Lex Joon Racing Top Fuel dragster has a wheelbase of 7.62 metres and weighs 1023kg including the driver. The dragster is capable of around 4g acceleration during launch from the start line and can reach speeds in excess of 300 MPH. Times under 5 seconds are regularly recorded for the quarter mile.
The dragster has no gearbox. The engine outputs to a centrifugal multi-plate clutch, which in turn outputs to a driveshaft that is connected to a reverser (only used for pre-run burnout). After the reverser the driveline continues to the final drive. This final drive directs the torque to the single rear axle which is connected to the wheel hubs.
A standard compliant driveline model is used as the basis for the model. The paper then concentrates on the components which are unique to the top fuel dragster.
The first of these is the clutch model; a physical model has been developed to describe the complex motion of the clutch release mechanism. All tuning parameters available in the actual clutch assembly are included, along with appropriate, if nominal temperature and clutch pack wear considerations.
A further key development area is in the driven wheels. These have very large, under-inflated tyres which provide enormous traction, but which also experience significant compliance effects both radially, and in torsion. The model tackles these by combining a semi-empirical (Pacejka) formula with some appropriate compliant elements, and with proper consideration given to vertical loads applied by aerodynamics and load transfer. Figure 1 shows a schematic of the top fuel dragster powertrain model. The engine torque curve provides torque to the system such that engine torque is a function of time, spark timing, throttle, and flywheel (engine) angular velocity.
POWERTRAIN MODEL OVERVIEW
The amount that changes in spark timing affect the torque value is modelled according to typical values as presented by Heywood [4] . Retardation in ignition timing to 78% of MBT timing yields a torque multiplication factor of 0.975. Retardation to 44% of MBT timing yields a torque multiplication factor of 0.9; the model interpolates between these points. In addition the model will interpolate for timings more advanced of MBT in a symmetrical manner. The remainder of the system is modelled as a series of rotating masses and a final translational mass connected through spring / damper or clutch models. The clutch connects the flywheel and clutch pack inertias, where torque transmitted is a function of input engine speed and time, in addition to clutch settings defined in the initialisation file.
The tyre sidewall is modelled as a separate rotating mass to the wheel since displacement in the connecting spring-damper equates to sidewall compliance. The connection between the sidewall and the vehicle mass is modelled as a damper, since this accurately represents tyre behaviour.
CLUTCH OPERATION INFORMATION
The clutch release mechanism is illustrated in Figure 2 . The clutch pack comprises 5 discs separated by four floaters. At the rear of the pack are a pressure plate and an external finger plate which are mounted to the flywheel. The external finger plate has 18 metal 'fingers' fitted radially. Due to the rotation of the finger plate these experience centrifugal force which acts to make them rotate around their pivot towards a horizontal position.
Depending on its position, each finger is constrained by, and hence exerts pressure on, either the canon and release bearing, or the clutch pack pressure plate.
The fingers have varying geometries so that, as the bearing moves backwards, they are released on to the pressure plate sequentially. They also have adjustable weights fitted to them.
The hydraulic flow at the rear of the canon is controlled by 6 pneumatic timers which are set off by the driver via a button at the end of the throttle pedal travel. The timers operate valves (or jets) which return fluid from the hydraulic chamber of the canon to an accumulator. Clutch release is thus tuned by finger geometry, adjustable weights, and the six jet timings, to establish a pre-defined sequential activation of the clutch.
Of the 18 fingers, six are primary fingers, with greater mass, and the remaining 12 are secondary. The canon is usually pre-charged with fluid such that the release bearing starts in the position where the third secondary finger has not been released. The first 8 fingers thus provide an initial clamp load to the pack. There is also a preload applied to the pressure plate by springs. 
CLUTCH MODEL DEVELOPMENT
There are three subsystems within the clutch model. These are:
1. Clamp Load Application 2. Temperature, work and wear 3. Clutch torque calculation These three systems interact to produce a slipping clutch torque value, which applies when significant difference in speeds exists between the input (flywheel) and the output (clutch pack) angular velocities. An equivalent, closed clutch torque is modelled by a high gain linear damper acting between the two inertias. Then if the slipping torque is less than the closed torque then the clutch is slipping, and if the converse is true, the velocities are closely matched. The three subsystems are described below.
CLAMP LOAD APPLICATION -This subsystem models the dynamics of the clutch fingers and the cannon system. Figure 2 illustrates an outline of a clutch finger.
It is important to define key points on the finger for use in calculations throughout the model. On the cannon side of the finger there are two points of interest. The first is the centre of gravity (CG) position. This is where the mass of the finger can be assumed to act, thus is vital for calculation of finger dynamics. The second is the position of the finger end and hence its status (finger free or not). x g =L g sin ș g (1) y g =L g cos ș g (2) x e =L e sin ș e (3) y g =L e cos ș e (4)
The relationships seen above are used within a subsystem in order to create a vector for use in the rest of the clutch module. This vector contains x position, y position and resultant angle for both the CG point and the finger end point. In order to calculate such variables the values of șg, Lg, ș e and L e were identified for each individual finger from CAD models.
Optional addition of weights to each finger is incorporated through the use of a vector weighting function as described in Equation 6. The user defines the additional weight added for each finger in the initialisation file.
V new =V base ×m finger + V weight × m add /(m finger +m add ) (6)
Finger Position and Status Determination -To calculate finger moment (and subsequent clamp load), the position of the finger must first be calculated. The motion of the finger is always restrained by either the cannon or the pressure plate. The initial pressure plate position is assumed to be zero and decreases (becomes more negative) due to wear in the clutch pack during the run. Therefore inputs to the finger position calculator functionality are cannon position and wear. The finger angle for bearing restraint is calculated according to Equation 7.
șe not free =sin
The finger angle for pressure plate restraint is then calculated according to Equation 8. The expression takes account not only of finger geometry but also wear in the clutch pack that leads to a larger pressure plate restraint angle. Note that șr is finger tip angle for which the finger would be released if no wear is present (measured from finger geometry). Figure 4 illustrates the geometry of finger interactions with the pressure plate and release bearing.
șe free = ș r + sin -1 (x w /y f )
Figure 4: Geometry of Finger Interactions with Pressure Plate and Release Bearing
If the calculated bearing restraint angle is larger than or equal to the pressure plate restraint angle, then the finger must be restrained by the pressure plate. Hence the finger is said to be free and can exert clamp load on the clutch pack. This logic is performed to find the finger angle and whether the finger is free or not and then the finger angle is converted to an angle for the CG position using the value of ș d for the finger in question. This is then used in the rest of the model. A one way switch is used for finger status, to prevent oscillatory switching at the point of status change.
Finger Centrifugal Force Calculation - Figure 2 also illustrates the rotation of the finger assembly. From this the centrifugal force acting upon each finger can be calculated as:
The moment acting on the cannon side of the finger can then be calculated as:
Clamp Load Calculation -The clamp load caused by a released finger can be determined by equating the moments on both sides of the finger. In order to do this the angle of the contact area on the pressure plate finger side is calculated according to Equation 11.
Due to the radius on the end of the contact area on the pressure side of the finger, an adjustment is made to the Hence the moment on the cannon side of the finger is divided by the perpendicular distance from the contact point to the pivot (on the pressure side of the finger) to find the force clamp load applied to the pressure plate. The perpendicular distance is found using simple trigonometry as seen from Figure 4 .
The clamp loads for all 18 fingers are summed. The summed value has the load caused by the pre-load springs subtracted from it to gain the final clamp load value.
Cannon Force Calculation -The cannon force is that imparted onto the release bearing by non-free fingers experiencing centrifugal force. This force is found by dividing the moment on the cannon side by the perpendicular distance from the pivot. This distance is y e (Figure 4 ). The total cannon force is found by summing the individual contributions from each finger.
From the total force acting upon the cannon, the pressure exerted in the hydraulic fluid can be calculated as:
To calculate volume flow velocity through the cannon jets caused by the pressure within the hydraulic fluid, the equivalent hydraulic head must be calculated (Equation 14). Hence volume flow velocity is given by Equation 15.
The volume flow velocity is found when each jet is active and then the total flow velocity is found and integrated with respect to time in order to find the volume of fluid removed from the hydraulic chamber. The initial cannon position is determined by the user in the initialisation file; the user specifies a finger that will be released as soon as the cannon first moves and the initialisation file calculates the bearing position required for the finger angle to be equal to that required for finger release from the cannon.
TEMPERATURE, WORK AND WEAR SUBSYSTEM -
This subsystem has three functions. Firstly work done within the clutch pack is calculated as:
Friction work is then used to estimate clutch flash temperature. Two different cases are analysed. Firstly the internal plates are assumed to be a small thermal mass with poor conduction. This occurs because the steel floaters are insulated on both sides by friction material. Temperature estimation therefore conforms to Equation 19 [2] .
The second case applies to the end plates (Equation 20). Infinite thermal resistance is assumed for the friction material such that all the heat that is generated flows though a low resistance steel surface (the flywheel at one end and the pressure plate at the other) to a constant temperature boundary. Uniform heat flux and zero initial temperature are also assumed [3] .
The average flash plate temperature is subsequently used as an input for wear estimation. In addition the friction work is used as the other input. 
RESULTS
Predictions provided by the simulation are compared to actual data obtained from the Lex Joon Racing Dragster for the same set up parameters in order to assess the accuracy of the model. It should be noted that the actual run was performed at Santa Pod raceway in the UK and the data is valid until 4.4 seconds, after which the driver removed his foot from the pedal. Figure 5 shows the engine and axle behaviour for both simulation and actual data. Although the simulation is not completely accurate, similar trends can be seen between simulated and actual data. In particular engine speed prediction is good in the first 2 seconds. Predicted axle output speed seems too high in this region. Both the simulation and actual data show the commencement of clutch lock up at approximately 2.6 seconds; however the drop seen in actual engine speed is not predicted by the simulation. This suggests that either the clutch ȝ parameters or the clutch wear parameters (which affects the spread of fingers being released) are not correct. After clutch lock up, the rate at which the synchronised engine and axle speeds increase is similar for both the predictions and actual data. Figure 6 shows how the cannon pressure data compares with the predicted behaviour. It can be seen that the simulation shows reasonable predictions of cannon pressure behaviour. The step like behaviour seen in the simulation is caused by the assumption that the finger is either free or not free and hence when the finger becomes free the load is instantly removed from the cannon. In reality there will be a position where the finger is being restrained by both the cannon and the pressure plate, so a tailing off of the load is actually created, leading to the smoother trace seen in the actual data. Also it seems possible that the position of the sensor on the dragster could lead to some damping of cannon pressure as it is recorded.
In addition to parameters associated with the clutch system, it is also important to analyse other vehicle behaviours. Figure 7 shows the wheel and vehicle speeds for both the simulation and actual vehicle behaviour. The model predicts the vehicle and wheel speeds accurately for some of the run. In particular the prediction is very good within the region 0-2.5 seconds.
The difference between the wheel and vehicle speeds is indicative of wheel slip including the effects of tyre sidewall wind up, and the prediction of this behaviour is good. After approximately 2.5 seconds, the amount of wheel slip (indicated by the difference in vehicle and wheel speed) predicted is still good, although the magnitude of wheel and vehicle speeds has fallen with respect to the actual data. This discrepancy is possibly due to the fact that the drag parameters are not correct at higher speeds. In the tuning of the model it has been assumed that vehicle drag and down force coefficients do not vary, however due to the large vehicle speeds involved it is possible that these will vary due to aerodynamic separation or deformation of the wing struts. The discrepancy could also be due to slight inaccuracies in the mass and moment of inertia parameters. In particular the vertical loads model and the vehicle mass parameters do not take account of the fuel consumed during the course of a run. A further reason for inaccuracies could be that the torque produced by the engine at a given engine speed will not be constant during the run. This occurs because engine parameters of ignition timing, amount of fuel injected and boost pressure are varied throughout the run. Although the effects of changing ignition timing are included, the effect of changes is probably larger for an engine running on nitro methane than for a typical gasoline engine as was used in deciding the parameters for this effect. In addition the effect of changing fuelling and boost pressure will have very large effects that are not currently included in any capacity. Although the shape of the acceleration predicted is not identical to the actual vehicle data, the magnitudes at most points seem to be similar. The peak seen at the start of the run for the actual data is predicted slightly later in the simulation. The peak seen at around 2.6 seconds in the actual data is not predicted in the simulation. This is probably due to the smoother clutch lockup predicted by the model. However both plots show a drop off in acceleration after 2.6 seconds and the shape seen during this drop off period is similar.
CONCLUSION
A suitable basis for top fuel dragster powertrain modelling has been produced. This initial model can be further developed to produce a powerful tuning tool. The overall model structure is in place and requires minimal development. Hence most of the additional development In terms of the clutch modelling, it can be concluded that a model has been developed that describes the physical processes occurring within the clutch during its operation. This model has functionality for the user to be able to alter the mass added to primary and secondary fingers, the cannon jet opening times, the cannon jet sizes, the initial cannon position and the number of half turns applied to the preload springs. Hence all clutch tuning functionality available in reality is available within the model.
In addition it can be concluded that the clutch model has been incorporated into an overall powertrain model. This overall model accurately reflects the layout of a top fuel dragster powertrain. It has functionality for aspects of vehicle behaviour that are not seen for road vehicles. This includes the rolling radius squat and growth model and vertical loads modelling.
The model shows some accuracy when compared to actual data, where discrepancies have been found possible reasons have been identified and such issues can be addressed when further work is carried out.
Further work could include a function to apply smoothing to the introduction of each finger's clamp load. An aerodynamic study of the vehicle including vehicle drag and rear wing downforce measurements would improve the tuning of the vehicle parameters. The effect of fuelling and boost changes occurring during a run should also be included in the model. Direct measurements of clutch ȝ and wear parameters would ensure more accurate simulations. In addition direct measurement of tyre rolling radius during a run would facilitate model improvement. 
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